To define the effective spatial resolution of the hydrogen clearance method, serial local CBF (LCBF) measurements were performed at different distances from the cortico-white matter junction of the cat brain. Tw enty-five platinum-wire microelectrodes with a sensi tive surface of 0.07 mm 2 were inserted into the cerebral
cortex of three cats through burr holes in the skull and advanced toward the ear-to-ear level in 1-or O.I-mm steps. Most electrodes passed from high-perfusion re gions into low-perfusion areas, indicating that the cor tico-white matter junction had been traversed, Whereas within the gray and white matter the LCBF values were It has been reported that local CBF (LCBF) can be measured directly using the hydrogen clearance method (Aukland et aI., 1964; Fieschi et aI., 1969; Pasztor et aI., 1973) . To date, however, the spatial resolution of this method has not been determined.
Estimations of the volume of tissue that con tributes to the signal recorded by hydrogen-sensi tive microelectrodes are inconsistent and range be tween 35 and 5 x 1011 I-Lm3 (Betz, 1969; Meyer et aI., 1972) . Wodick (1976) has demonstrated that the extent of this sensed volume depends on the rela tionship between the diffusion and convection of hydrogen within the environment of the hydrogen electrode. Hence, it can be determined only within the living brain. In this article, a practical approach to define the spatial resolution of the hydrogen clearance method is reported. It rests on serial LCBF measurements at the cortico-white matter junction of the cat brain within distances of I and 0.1 mm. fairly constant, a striking decrease of CBF was registered at the cortico-white matter junction. Here the mean LCBF from 12 electrodes showed significant differences in flow between two locations I mm apart. On two occa sions, a significant difference in CBF was found for loca tions only 0.1 mm apart. Despite this high spatial resolu tion, monoexponential clearance curves were detected only in the vicinity of the cortico-white matter junction. It is therefore assumed that factors other than flow might influence H2 clearance. Key Words: Cerebral blood flow -Cerebral blood flow measurement-Cortico-white matter junction-Hydrogen clearance technique,
METHODS

Animal preparation
The experiments were carried out in three cats whose body weights were 2.25, 2.30, and 2,35 mg. Anesthesia was induced with sodium pentobarbital (30 mg/kg) and maintained with a 70% N20-30% O2 gas mixture via an endotracheal tube. The animals were paralyzed with pan curonium bromide administered intravenously, repeated as necessary. Ventilation was maintained by a Schuler pump, Systemic arterial blood pressure and central venous pressure were recorded continuously via polyeth ylene catheters inserted into a femoral artery and vein and connected to Statham pressure transducers. Pa02' Pac02, and pH were measured intermittently before, during, and after each LCBF determination. Care was taken to maintain the blood gases within the physiological range. Where Paco2 needed to be corrected, the ventila tion volume was adjusted to maintain normocapnia. An electric blanket was used to maintain body temperature.
Electrode preparation
The hydrogen electrodes consisted of 0.2-mm-thick and 30-mm-long pieces of platinum wire. One end was tapered to a tip of 0.2 mm in length and the other end was soldered to a thin nylon-insulated copper wire. For insu lation, the platinum wires were coated with epoxyresin. This involved introducing the wire into a glass capillary for stability (inner diameter 0,2 mm; outer diameter 0.25 mm) and heating the whole assembly for 20 min. The epoxyresin was then scraped off the electrode tip using a rotating dental drill, leaving a bare area of �0.07 mm 2 .
The effects of this procedure were controlled microscopi cally. The electrodes were then cathodized in a 2% plat inum chloride solution for 1 min. For rigidity, 10-20 mm of the wire was connected to a small cannula by an adhe sive ( Fig. 1) . A total of five such electrode assemblies were connected in one line by adhesive and dental ce ment, so that the sensitive tips were at the same level. The distances between the electrode tips varied from 0.3 to 2.1 mm. Prior to use, the H2 response of the electrodes was tested. Only those electrodes shown to respond im mediately in a H2-saturated solution were accepted.
LCBF determination
The measuring circuit consisted of 10 electrodes (two sets of 5) connected to 10 separate amplifiers (Nanoam peremeter; Knick) and a IO-channel pen recorder (Rika denki). Zero-point instability of the amplifiers was <5 x 10-3 of the final value of the scale. An Ag-AgCl refer ence was placed subcutaneously in the animal. Polariza tion voltage was + 350 m V. The animal's head was fixed in a stereotactic frame (David Kopf Instruments). Each set of five electrodes was inserted into the gyrus supra sylvius of each hemisphere through a burr hole in the skull after removal of the dura. To avoid diffusion of H2 into the air, each hole was filled with a 0.9% NaCI solu tion. The depths of the electrode tips were calculated from Reinozo-Suarez's stereotactic atlases (196 1) of the cat brain. Each group of five electrodes was incremented into the brain in steps of I or 0.1 mm. This enabled LCBF to be measured at different distances from the cortico white matter junction. The anatomical locations of the electrodes were confirmed by postmortem examination.
Hydrogen was administered into the input of the venti lation pump for 2 min. The hydrogen concentration of the inhaled gas was 5-10%, while the O2 concentration was unaltered. After repositioning, it lasted � 10-15 min until a stable zero baseline was reached, which was checked and adjusted when necessary after each measurement.
Three LCBF measurements were performed at each position under steady-state conditions (PaC02 = 38.2 ± 2.08 mm Hg). In all these cat experiments, the electrodes were advanced in steps toward the ear-to-ear line (the zero line of the stereotactic coordinate system). In cats 1 and 2, the two by five electrode assemblies were incre mented in I-mm steps into the frontal portion of the gyrus suprasylvius (anteroposterior coordinate + 12 to + 20 mm, lateral coordinate + and -8 mm) and protruded into the centrum semiovale. In cat 1, these were ad vanced from 25 to 18 mm and in cat 2 from 23 to 16 mm. A total of 240 H2 clearance curves were recorded for each animal. In cat 3, a five-electrode assembly was used. This was advanced in O.I-mm steps from the 19-to the 18.4mm position above the ear-to-ear line.
Data analysis
From the 2-min to the 3-min interval of the recorded clearance curves, the LCBF was calculated using the ini tial slope index according to Risberg et al. (1975) . The standard deviation was calculated for the mean LCBF value for each position. A criterion was adopted for de fining whether LCBF values for these locations were sta tistically significant. This demanded that the mean value differ by more than three times the standard deviation of any one of the mean values.
Components of variation were analyzed by the statis tical system of the Universitiitsrechenzentrum Heidel berg. The clearance curves were analyzed into exponen tials by plotting the data on semilogarithmic paper.
RESULTS
Of the 25 electrodes used in this study, one (no. 8 in cat 1) failed owing to technical problems. Of the total of 585 clearance curves recorded, 3 were found to be distorted by artifacts so that LCBF could not be calculated.
Ta ble I shows the mean LCBF values for each of the 8 x 10 locations in cats 1 and 2, Ta ble 2 the LCBF values of the 7 x 5 locations in cat 3. The average standard deviation of all measurements was 4.3 ± 3.7 ml/ IOO g/min. The mean coefficient of variation for the different measuring positions was 11.3 ± 5.9%. Analysis of these variations showed that the influence of the electrodes' posi tions was more than four times greater than the error of the measurements.
As expected, not all of the electrodes passed from high-perfusion into low-perfusion areas. For example, electrodes 2 and 3 in cat 2 still showeCl high LCBF values at the time of the last measure ment. It was concluded that they did not enter the subcortical white matter. Histological examination at the end of the experiment revealed some small hemorrhages in cats 1 and 2. These extended from the subarachnoid space to the protrusion channels. Unfortunately, these hemorrhages could not be re lated to certain electrodes, but it is likely that they accounted for the observation that some electrodes recorded low cortical LCBF values. As shown in Ta ble 1, the largest differences in LCBF were found when comparing the data from the 21-and 18-mm locations above the ear-to-ear line. From this it was concluded that the electrodes had passed from the gray to the white matter. This was confirmed on 
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histological examination of the final locations of the electrodes. The mean LCBF from 12 electrodes showed sig nificant differences in flow between two locations I mm apart. In cat 3, a significant difference in LCBF was found on two occasions for locations 0.1 mm apart, and on three occasions differences were seen for locations 0.2 mm apart. Figure 2 shows the typical decrease of LCBF values recorded as the electrode was advanced into the brain. It can also be seen that within the gray or white matter, the LCBF values are fairly constant. It was therefore concluded that the trauma caused by the electrode does not perturb the LCBF mea surement.
An interesting aspect of the spatial resolution of the hydrogen clearance method was demonstrated when the components of the exponential clearance curves registered at the cortico-white matter junc t i on were analyzed. The exponential plots corre sponding to the data in Fig. 2 On closer examina tion it can be seen that this curve is not purely monoexponential but curvilinear. This distinctive shape is also seen for positions 17 and 16 mm (deep into white matter). Figure 3 shows clearance curves recorded as an electrode was passed in O. I-mm steps through the cortico-white matter junction. Once again the sharp transition is seen in the shape of the clear ance curves. In positions 19, 18.9, 18.8, and 18.7 mm, biexponential curves were registered, whereas only 0.1 mm deeper in positions 18.6, 18.5, and 18.4 mm, the clearance is largely monoexponential.
DISCUSSION
The volume of tissue that contributes to the re corded hydrogen clearances is of critical impor tance for the interpretation of data obtained with regarding the shortest distance within which signifi cant differences in flow can be detected with the hydrogen clearance method. This has defined the effective spatial resolution of the method for mea suring regional CBF. There have been previous attempts at defining spatial resolution of the hydrogen clearance method. However, the results are extremely con tradictory. Three reports have been based on theo retical considerations. Betz (1969) reported that for 2-to 15-J..L m-diameter platinum electrodes, 93% of the flow signals arises from a sphere the diameter of which is twice that of the electrode itself, i.e., 4-30 J..L m. Meyer et al. (1972) have estimated that for a 0.25-mm-diameter electrode, the sphere of tissue detected has a diameter of 9.85 mm. On the other hand, Fein et al. (1975) quote that for a 0.25mm electrode diameter, the sphere of tissue de tected is 1.24 mm in diameter.
A practical physical approach to defining the spatial resolution has been adopted by Wodick (1976) . He generated hydrogen electrochemically at a distance from the sensing electrode. The move ment of hydrogen was shown to occur through both diffusion and convection. However, his quantita tive estimation of the contributing volume cannot be directly transferred to the hydrogen clearance method for measuring regional CBF. This is be cause following the systemic administration of hy drogen, its distribution within the cerebral tissues is flow dependent and not uniform.
There have been three previous in vivo estima tions of the spatial resolution of the hydrogen clear ance method. Halsey et al. (1977) used an electrode with a sensitive tip of only 0.005 mm in diameter. In the rabbit cortex, they estimated the spatial resolu tion to be 2 mm. However, both Halsey et al. (1977) and Kobrine et al. (1974) , when using such elec trodes for measuring gray matter blood flow in the spinal cord of the rabbit, obtained data that were atypical of gray matter values. This, they con cluded, was due to the poor spatial resolution of the method. Young (1980) has drawn attention to the fact that even when using microelectrodes, mono exponential hydrogen clearances are rarely regis tered. He attributes this to the high diffusibility of hydrogen and concludes that the hydrogen clear ance method could resolve LCBF in a volume smaller than 5 mm3. This corresponds to a sphere of tissue 2.12 mm in diameter.
With our approach, we chose another way to de fine the spatial resolution of the hydrogen clearance method. We determined the smallest distance be tween two positions in brain tissue in which the hy drogen clearance method could differentiate dif ferent flow values.
Preconditions were satisfactory reproducibility of the values in each position and the recording of a big gradient of LCBF within a small region. A mean standard deviation of 4.3 ± 3.7 mll IOO g/min in J Cereb Blood Flow Metab, Vol. 6. No.4. 1986 three repeated measurements and a mean coeffi cient of variation of 11.3 ± 5.9% represent good preconditions for recognizing small differences in flow. The precision of the LCBF values as deter mined from repeated measurements corresponds well with the literature. Aukland (1967) , , Meyer et al. (1972 ), Naritomi (1983 , and Shinohara et al. (1969) reported coefficients of vari ation smaller than 10%. Doyle et al. (1975 ), Fein et al. (1975 , Griffiths et al. (1975) , and Pasztor et al. (1973) experienced coefficients of variation be tween 10 and 15%.
Although the exact or "true" values were not known, it was assumed that part of the electrodes would pass the cortico-white matter junction. Thus, it was possible to compare the changes ob tained when advancing the electrodes with the vari ance of repeated measurements at the same point (i.e., the error of the measurement) under the same conditions. Because of the anatomical architecture, it could not be expected that all electrodes would reach the subcortical white matter at the same time and in a right angle. In addition, it was shown that with the arrangement of electrodes there was a danger of injuring subarachnoid vessels. Therefore, in some electrodes, this led to hemorrhages into the protrusion channels and thus distorted the LCBF values. It cannot be excluded, however, that low cortical CBF was caused by tissue compression at the tips of some of the electrodes.
Despite these sources of perturbation, most of the electrodes registered a striking decrease of LCBF values within a distance of 21-18 mm above the zero line of the stereotactic coordinate system. Since the changes in LCBF recorded when ad vancing through this zone were significantly greater than the variance at a single point, it was clear that the cortico-white matter junction had been tra versed. Corresponding advances in the pure gray and white matter regions showed stable values. Hence, the movement of the electrode itself does not introduce an artificial gradient of LCBF, at least in a homogeneous tissue.
The results show that electrodes with a sensitive surface of �0.07 mm 2 can detect differences in tissue perfusion between two points at a O. I-mm distance apart. This demonstrates that the hy drogen clearance method offers a higher spatial res olution than has been predicted by other authors on the grounds of diffusibility.
Additional confidence regarding the high spatial resolution is obtained by inspecting the semiloga rithmic plots of the H 2 clearances. The shape of the curves recorded in the white matter is completely different from that of the gray matter curves (Figs.
2 and 3). Whereas the gray matter curves show a consistent decrease of H2 concentration, the white matter curves show an upward curvilinear trend. At a distance of 1 mm from either side of the cortico white matter junction, the shape of the curves be comes uniform. This represents the fact that the electrodes are then passing through pure gray and white matter, respectively. This is the same as the findings of Fieschi et al. (1965) , who report uniform clearances when advancing electrodes within the caudate nucleus.
The trauma caused by the electrodes cannot be responsible for the nonexponential clearance [as suggested by Senter et al. (1978) ]. The sudden change of the shape of the clearance curves at the cortico-white matter junctions suggests that the exponential form of the clearance curves is depen dent mainly on the LCBF.
Our observation that even microelectrodes with a high spatial resolution do not detect monoexponen tial clearances needs further interpretation. This finding is the subject of the companion article (von Kummer et ai., 1986) , where the influence of the distribution of flow on H2 clearance is studied.
